Biologic tissues consist primarily of inorganic salts, small organics, macromolecules and water. Cellular macromolecules may be structured in membranes but the other components are assumed for the most part to be dissolved in cell water.
Both organic and inorganic molecules may have a layer of water tightly bound to 11 12 charged and polar groups, called the water of hydration. ' In most cases the water of hydration consists of one or several monolayers held by H + -bond formation and with successive layers less tightly held. The remainder of cell water is usually considered to be unstructured. Although a sizeable fraction of some intracellular inorganic ions, 30 such as Ca ++ and Na -^, are bound to macromolecules, most ions are presumed to exist in free solution.
A simple test of these multiple assumptions can be made by a measurement of the electrical conductivity of the internal medium of cells. If the total concentration of the small ions in the cell is known, one can compare intracellular conductivity with that of a solution of comparable salt composition without cellular macromolecules. If there is a considerable difference, it is necessary to reconsider the assumption that ions, water and macromolecules coexist in the cell with only relatively minor interactions.
One of the earliest attempts to measure the electrical conductivity (or the in-19 20 verse, resistivity) of the internal medium of cells was made by ITdber. ' Hbber's technique consisted of applying high frequency alternating current across packed tissues. He studied primarily red blood cells since they were a uniform cell type and could easily be concentrated, HTdber calibrated his apparatus by measurements of solutions of known conductivity. He reported that the internal conductivity of red blood cells was equivalent to that of 0.1 percent NaCl. This value is considerably less than the conductivity of the external medium which is equivalent to 0, 9 percent NaCl.
Measurements of intracellular conductivity of packed tissues using high frequency alternating currents (which bypass the membrane resistance) have been made 14 on several tissues since the work of Hober. In 1926 Fricke and Morse studied packed red blood cells at 800 Hz to 4.5 MHz and calculated an internal conductivity equivalent to 0.17 percent NaCl (a resistivity 5 times that of the external medium). In 7 1928 Cole studied Arbacia (sea urchin) eggs and measured a specific resistance of the interior of the egg of about 90 ohm cm (3.6 times that of the external medium). 35 Thompson measured conductivity of packed frog muscle and determined that the internal medium was as conductive as 0.13 to 0. 21 percent NaCl solutions (resistivity 4. 3-6. 9 times that of frog Ringer). A more recent study on frog muscle using similar techniques reported conductivity equivalent to 0.3 percent NaCl. By soaking the muscle in sucrose this value could be reduced to be equivalent to 0.2 percent NaCl.
If equilibrated in twice concentrated Ringer's solution, the conductivity rose to that of 0.65 percent NaCl.
Schwan and collaborators have studied many kinds of packed tissues at frequencies of 0. 5 to 250 MHz, In a study of red blood cells of various species Pauly and 27 Schwan found dielectric constants to be similar in all species and internal resistivities averaged about 200 ohm cm. This value is 2. 7 times greater than expected, and they attributed the high resistivity to hydrodynamic and electrostatic effects which depress ionic mobility. Even on consideration of the volume concentration of hemoglobin and its water of hydration the resistivity was twice that expected. Schwan and 34 Li studied a number of packed tissues (skeletal and heart muscle, liver, kidney, lung and fat). The conductivity of most of these tissues was less than that of 0. 9 percent NaCl by a factor of 2-3, while that of fat was less by a factor of 10, These results were obtained, of course, from studies on tissues which are not homogeneous and where there is a sizeable extracellular space.
For a variety of reasons these conductivity measurements have received relatively little attention. There is no simple explanation for the observation that internal conductivity of many tissues is lower than expected. Furthermore, the interpretation of data from packed tissue is more difficult than observations made on single cells.
Various attempts have been made to measure cytoplasmic conductivity of single
cells, beginning with Hartree and Hill who studied frog muscle fibers. They found internal conductivity was only one-half that of the NaCl solution with which the muscle was in osmotic equilibrium and attributed the low conductivity to hindrance by mem-15 branes. Gelfan measured intracellular conductivity of giant algae and protozoa by passing current pulses between two intracellular microelectrodes separated by a fixed distance. He found internal conductivity in these cells considerably higher than 32 that of the external medium (dilute fresh water). All experiments were performed at room temperature except those in which temperature was varied and is specified. Cooling was achieved by flowing the perfusing solution through coiled tubing in ice.
Experiments on the ganglia of squid, Aplysia, Anisodoris and Navanax were made by removing the tissue from the animal, pinning it to a layer of Sylgard (Dow Corning) in a Lucite chamber and maintaining the preparation under flowing artificial seawater.
The connective tissue capsule over the nerve cells was slit with a sliver of a razor blade in most experiments. A separate chamber was used for experiments on axons and barnacle muscle fibers. This chamber allowed the axon to lie across a pair of Ag-AgCl electrodes which could be used for stimulation.
Amphiuma red blood cells and frog oocytes were studied in a dish with a layer of 3 percent agar-agar at the bottom. The eggs and red blood cells would settle on the agar and this allowed penetration without damage to the microelectrode. Oocytes were dissected from gravid female frogs and were unfertilized. small, as in C, the voltage output is primarily influenced by the capacitance and at low resistances increases linearly with frequency. As capacitance is increased the voltage output becomes more and more similar to that for a pure resistance except at very low frequencies. In F, at 4000 pF, the output is flat at all but low frequencies.
The output from the gold wire in 100 percent seawater is similar to that from 4000 ohms in series with 1200 pF.
Conductivity measurements in cells require use of microelectrodes which have a smaller surface area than the 1 mil wire used in Figure 1 . Conductivity measurements in cells. Table I shows results of measurements of conductivity in the giant nerve cell bodies of three molluscs, the opisthobranchs Aplysia californica and Navanax inermis, and the nudibranch Anisodoris nobolis. In Table I has a specific resistance of 25 ohm cm. The specific resistivity in Navanax neurons averaged 625 ohm cm; whereas, for Anisodoris, resistivity was 1250 ohm cm. The electrode is initially in air, giving the zero reading which is thereafter indicated by the dashed line. As the electrode tip is lowered into the seawater, the output increases to read 110 mV (extreme left). At left center in A-2, the neuron is penetrated with the metal electrode, and when the uninsulated tip is totally in the cell, the conductivity falls to 12 mV. This value corresponds to that of 3 percent seawater, as indicated by the calibration curve of this electrode, shown in C. Part B shows that the metal conductivity electrode is in the same neuron as the glass pipette, since an action potential initiated by passage of depolarizing current through the glass pipette is recorded (AC coupled) through the metal electrode (B-2). The right portion of A shows the return of conductivity to control value when the metal electrode was withdrawn from the cell into seawater.
from one axon to another. One possible cause of variability is suggested by the relatively few observations on the variety of giant axons exiting from the isolated stellate ganglion. In these experiments the stellar axon, which is always the largest, tended to have a greater conductivity than did smaller giant axons. The difference in internal conductivities of neuronal soma and squid axons might represent a fundamental difference between axons and cell bodies. To test this hypothesis we studied the giant axons of the marine annelid Myxicola infundibulum. Figure   4 shows such an experiment, performed on an axon perfused with a high Mg ++ (150 mM)
seawater. Although such a solution is 125 percent of normal osmolarity it is advantageous because the contraction of adherent muscle fibers on axonal discharge is blocked.
Part A shows the conductivity recording. At the beginning of the trace the electrode is in seawater. When lowered against the axon, the reading transiently decreased and was unstable as the electrode tip was forced against the axonal membrane. At the arrow marked "in" the electrode could be seen to penetrate the membrane and enter the axon. The conductivity recorded in the axon was equivalent to a 49 percent seawater solution. At the arrow marked "out" the electrode was withdrawn from the axon and the reading returned to control value. The action potential was about 90 mV (B-DC) and the simultaneous recording of an action potential through the AC electrode demonstrates that both electrodes were satisfactorily placed in the axon. Thirteen axons were studied in satisfactory detail in hypertonic high Mg ++ seawater and these axons, as shown in Table II , had an average specific resistivity of 53 ohm cm. It is likely that this value of specific resistivity is lower than that in fact found in Myxicola axons.
In six axons studied in normal seawater the average resistivity was 68 ohm cm. Although this is a small sample due to the technical difficulty of keeping the electrode in a moving axon it seems likely that the hypertonic solution used to depress synaptic transmission caused a loss of cell water, leaving behind a more conductive medium.
Nonetheless, this axoplasm is about 10 times as conductive as the internal medium of molluscan nerve cell bodies.
Since these results suggest some fundamental difference in the electrical prop- Figure 6 . Temperature dependence of conductivity of squid axon (A) and an Aplysia neuron (B). In each case the temperature dependence of conductivity of 100 percent seawater and a dilution with a similar conductivity as the tissue is shown. indicates the value for conductivity taken in a different penetration of the same muscle fiber at room temperature. In this case the conductivity within the muscle fiber corresponds to that of the solution of 18 percent seawater. Table III shows results of conductivity measurements from 16 barnacle fibers in which the average equivalent isotonic salt concentration was a solution of 14 percent seawater, giving a calculated specific resistivity of 178 ohm cm. Measurements of conductivity were also made in frog oocytes and Amphiuma red blood cells. These results are shown in Table III x 47r a 477 a 2 (joo)"
where the first part represents the electrode impedance and the second the polarization impedance, (p is specific resistance of the medium in ohm cm, a is electrode area, y is specific polarization impedance, uo is frequency and the exponent a is characteristic of a given electrode system and has a value of 1 for a pure capacitance, 0 for a pure resistance or values in between for combinations, and j is equal to the square root of minus one.) Use of this technique is valid if the only difference between calibrating solutions and tissue measurements is in p, and not R , V , a, y, U), or a. The most serious difficulty in keeping these factors constant is in maintaining the coating of platinum black. The application of the platinum black is important 33 to increase surface area and particularly to reduce the polarization impedance.
It is fragile, however, and easily rubbed off with electrode use, necessitating repeated calibration of electrodes and use of measurements only when calibration does not change.
The degree to which the polarization impedance influences V is the ratio of polarization to electrode impedance and is equal to
o a (ju))0! Thus, the polarization impedance will have little effect if y is small, conductance (p)
is small, ou is high and a is large. Although it is very much preferable to have polarization impedance small, the use of this technique to measure conductivity is still valid in the presence of appreciable polarization impedance, provided that it is not different in calibrating and testing measurements.
The output voltage of the large electrode shown in Figure 1 is very similar to that of a 4000-ohm resistor in series with a capacitor of 1200-4000 pF, where V increases at low frequencies to a value which is then unchanged with further increases in frequency. However, most microelectrodes showed to varying degrees a further slow increase in V at higher frequencies. It is likely that this results from a significant polarization impedance, since the electrode impedance is not frequency dependent. However, as shown in Figure 4 for two electrodes which show pronounced increases in V with frequency, the form of the V frequency relationship is identical in tissues of either high or low internal conductivities to that of an equally conductive calibrating solution. This observation justifies comparison made between intracellular measurements and calibrating solutions at one frequency.
It is possible that the low apparent conductivities in some tissues are artifacts In the latter study of Aplysia neurons conductivity was determined through use of a four-pole array of microelectrodes, with current pulses passed between the outer two electrodes, and the voltage deflection was measured between the center pair and compared to that obtained in calibrating solutions of known conductivity.
Thus, the resistance to current flow across about 125 jum of tissue separating the center electrodes was determined, and was found to be identical to the value measured by use of the single electrode method. This observation indicates that not only do intracellular membranes not interfere with measurements of conductivity, but also suggests that the resistance across such membranes is not much greater than that of the rest of the cytoplasm.
Another possible error in these measurements is a result of the asymmetric current distribution in the cell. This problem of the three-dimensional distribution However, other studies of water in many biological systems suggest that it is not different from that of free solution.
All of the tissues studied in these experiments except the giant axons had internal conductivities lower than expected. At present, the reason that conductivities are so low is not clear. Whatever the cause, it does not have unusual temperature dependence ( Figure 6 ). The most obvious difference between the tissues with high conductivities, such as squid axon, and those with low conductivity, such as barnacle muscle and nerve cell bodies, is the amount of protein and membranous organization.
The observation that internal resistivity of barnacle muscle fibers is 178 ohm cm is of particular interest. Barnacle fibers have been studied extensively by Hinke 17 18 and co-workers ' who report ionic concentration and activities measured with ionspecific microelectrodes. They conclude that, although a fraction of both fiber water and ions are bound, 68 percent of fiber water, 27 percent of Na + , 87 percent of K + and 69 percent of Cl _ are free.
The microviscosity of single barnacle fibers has been measured by Sachs and 31 Latorre using the electron spin resonance of a nitroxide probe which distributes in cell water. They found the microviscosity in the fiber to be no more than fivefold and tenfold greater than that of free solutions. A microviscosity this great would explain the low conductivity of barnacle fibers.
With present information, it appears likely that a high microviscosity caused by some degree of structuring of cell water is the primary cause of low intracellular conductivity. The microviscosity is probably not uniform throughout the cell, but is greater in proximity to polar and charged groups of cellular macromolecules. Bind- In addition, these results confirm the observations, made in several laboratories throughout this century on packed red blood cells, eggs, muscle and other tissues, that the internal milieu of the majority of biologic tissues is considerably less conductive than expected. In toto these results
show that the frequent assumption that internal conductivities of all tissues are similar to the conductivity of squid axon is totally unjustified.
Although it has not yet proven possible to measure conductivity of a soma and axon from the same preparation, it appears that in general axons have a more conductive internal medium than do cell bodies. This is to say that the resistive properties, and as a consequence the electrical properties, of a neuron are not the same throughout the cell. Furthermore, it is likely that specific membrane resistance also 4 is not uniform over the neuron, since Carpenter has shown that the nerve cell bodies which give rise to the squid giant axon have a specific membrane resistance nearly 30 times greater than that of the axon.
Most important electrical properties of cells appear to be functions of the outer cell membrane. However, the internal resistivity will influence some cellular functions In important ways. If internal resistivity is high and current is applied through an intracellular electrode, the assumption that all significant voltage drop occurs only at the external membrane is not valid. As a result the cell will not be isopotential and voltage space clamping cannot be accomplished. This is, in fact, the situation with where R is specific membrane resistance and R and R. are the specific resistance m e i of external and internal media respectively. If R. is increased, X is shortened. It is possible that in most biological systems with a high R., R is also high, such that the length constant remains relatively constant. However, the present study strongly indicates that R cannot be considered very low without a direct measurement, i
